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A METHOD FOR DESIGNING FILM TRANSFER FUNCTIONS FOR 
USE IN Ad PIAGE PROCESSING LABORATORY

8Y

JOSEPH S. DUVAL

INTRODUCTION

The U.S. Geological Survey (USGS) imaqe processing laboratory 
in Denver, Colorado uses several film writing machines which 
transform digital data to a photographic film format. The 
transformation process is nonlinear and frequently oroduces images 
that are subjectively judged to be unacceptable. In order to 
provide the user with the means to imorove the images, the film 
writing machines include the capability to utilize user-defined 
transfer functions. This paoer oresents an analytical method for 
designing such transfer functions and contains appendices with 
listings of computer programs that can be used to define the transfer 
functions.

FILtl CHARACTERISTICS

Before we can define a transfer function to modify the normal 
operation of the film writing machines, we must first define the 
unmodified characteristics of the images. This requires some 
understanding of photograohic film prooerties and the chemical 
processing of film.

Photographic film normally consists of a film base with one or 
more emulsion layers made of silver halide crystals suspended in 
gelatin. Black and white film emulsions are sensitive to most of the 
visible light spectrum whereas color films normally have three 
emulsions with sensitivity to selected parts of the soectrum. 
Exposure to an aooropriate light source produces a latent image of 
the light source in the emulsions and develooment chemicals are used 
to make the latent images visible. See Jacobson and others (1978) 
for details on the develooment process.

The effects of the film exposure and develooment can be 
quantified by measuring film density as a functin of exposure. The 
film density is defined as the logarithm of the ratio of light 
incident on the film to light transmitter] through the film. Curves 
of film density versus the logarithm of the exnosure are called DlogE 
curves and are frequently usei to define the characteristics of a 
film. The minim urn achievable fil^i density of a film is de tern inert by 
the transmission properties of the film base. The minimum density 
actually acnieved is a function of the exoosure and the



process, for black and wnite films the ^axi^um fil-n density 
increases as the developing titie increases and the minimum density 
also increases to a lesser extent. For color reversal films the 
maximum film density decreases as the developing time increases and 
the minimum density also decreases to a lesser extent. Usually the 
chemical process must be modified to achieve desired results for 
minimum and maximum film densities with reasonable development times. 

The USGS Denver film writing machines transform digital data 
(0-255 range) to light intensity that is proportional to the 
exponential of the negative of the data value. The data values are, 
therefore, prooortional to the logarithm of the film exposure and a 
curve of data values [denoted as density numbers (DM's) ] versus film 
density is a characteristic curve for the image making process. 
Figure 1 presents a characteristic curve for black and white film. A 
similar curve for color film is measured using an image produced by 
overlaying identical red, green, and blue data sets. If the film 
writing machine is color balanced relative to the film tyoe and 
chemical process used, the resulting image consists of neutral (grey) 
tones. The measurement of density is made using a film densitometer 
equipped with a visual filter. According to Jacobson and others 
(1978), the visual filter is designed to ao?3roxiirate the spectral 
response of the hupan eye. Figure 2 nresents & characteristic curve 
for color film.

TRANSFER FUNCTION DCSIGN

Given the characteristic curve for an irna^e making nrocess, 
transfer functions can be designed usina a two-steu process. The 
first steo is to obtain an analytical equation which reproduces the 
characteristic curve. Because the characteristic curves are smooth 
and slowly varying as a function of the density number, a. polynomial 
function expressed as powers of the density number can accurately 
reproduce the curve. A least-sauares fitting technique is a 
convenient way to calculate the polynomial equation and the connuter 
program PWRFIT which is listed in Appendix I performs the necessarv 
calculations. Jsing PtfRFIT, the eauation for the curve in Figure 1 
is

234 5 
(1) f (X)=.19-5.46E-3*X+5. 3E-4*X -5.61E-6*X + 2.33C-8*X -3.38C-11*X

and the equation for the curve in Figure 2 is

234 5 
(1) f (X)=.15 + 6.0E-3*X-1.88t!-4*X +3.5C-6*X -1.73E-8*X +2.63E-11*X
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The second step in the definition of a transfer function is to use 
the analytical equation of the characteristic curve to calculate a 
curve of density numbers that will oroduce a desired curve of film 
densities. TCCALC, which is listed in Appendix II, is a computer 
program designed to calculate transfer functions that nroduce 
linearly varying film densities between specified minimum and maximum 
values corresponding to specified starting and ending density 
numbers. Figure 3 Dresents a series of transfer functions (denoted 
as film factors) designed for color film using eauation (2). Film 
factor 1 is intended to produce a linear variation of film density in 
the range 0.2-2.0, film factor 2 in the range 0.2-1.7, film factor 3 
in the range 0.2-1.4, film factor 4 in the range 0.2-1.1, and film 
factor 5 in the range 0.2-0.3. Figure 4 nresents characteristic 
curves oreduced using the film factors.

The use of transfer functions that oroduce a linear 
relationship between the density numbers and the actual film density 
is an arbitrary choice based upon a oersonal prejudice that data 
transformations should be linear. Experience in the U3GS Denver 
image processing laboratory is that these transfer functions produce 
images that are judged to be better than images made with no transfer 
function. Nonlinear transfer functions might be even better because 
the response of the human eye to changes in film density as measured 
by a film densitometer is nonlinear (Jacobson and others, 1978). 
The determination of an appropriate nonlinear function is, however, 
beyond the scope of this paoer.
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APPENDIX I

The orogram PWRFIT which is listed below is a routine that 
uses an ordinary least-squares fitting techniaue to calculate 3 
Dolynomial power series eaustion for an arbitrary data set. The 
Drogra~n is written in standard FORTRAN. Inrut/outout statements are 
site dependent.

£*************************** p vtfR FIT ***************************** 
^* **
C *** THIS PROGRAM CALCULATES A POWER SCRIES FIT TO A SET OF
c*** DATA ASSUMING THE FOR;:: 
c***
C *** p(X) = AO + A1*X + A2*X**2 + ... + AN*X**N 
f1 ***
Sn*

C *** I^PUT DATA REQUIRED ARE: 
f ***
\~r

C *** Ixj PT3 _ TIIC ^jn3ER QF DATA POINTS TO 3E USED IN THE
C*** CALCULATION 
£***

C*** tfT = THE NUMBER OF TERMS Iisl THE POWER SERIES 
C***

C*** ILBL = AN 80 CHARACTER LABEL 
p* **^f

C *** you CAN USE A3 ^lAjSlY AS 100 DATA POINTS WITH AS :1AWY AS
C *** 20 TERMS IiM THE SERIES.
C***
Q****************************************************************

COHMON XS(IOO) ,YS(100) ,>/7S(100) ,ILQL(40) 
DOUBLE PRECISION H(20,20),B(20),SOLN(20) 
DIMENSION X(100) ,Y(100) f iV(100)
DIMENSION EPvR( 100) ,EC( 100) ,COF (100,20)
OUTPUT ' ',' ','THIS PROGRAM CALCULATES A LEAST SQUARES FIT 
OUTPUT 'TO A POWER SERIES IN X. YOU APE RESTRICTED TO' 
OUTPUT 'MAXiriUMS OF 100 DATA POINTS AND 20 TERMS IN THE ' 
OUTPUT 'POWER SERIES'
OUTPUT 'NEVERLESS, MORE THAN 10 TEKMS ARE NOT RECOMMENDED' 
OUTPUT 'BECAUSE OF PROBLEMS WITH ACCURACY' 

100 OUTPUT ' ',' ','HOW MANY DATA POINTS TO BE ENTERED ?' 
INPUT NPTS 
OUTPUT ' ', ' ' , 'HOW MANY TERMS IN THE POWER SERIES ?'
INPUT NT
OUTPUT ' ',' ', 'ENTER A ONE LINE LABEL.'
READ(5,1) ILBL 

1 FORMAT(40A2)
IF (NPTS.EQ.O) GOTO 1000 

200 CALL PWRDVR (H ,B , SOLN , X , Y , -7, E RR, EC , COF , NPTS ,NT ,N REP)
IF(NREP.EQ.O) GOTO 1000
IF(NREP.EQ.2) GOTO 200



GOTO 100
1000 OUTPUT ' ', ' ','PROGRAM FIiSIISHED' 

STOP 
END

c *'V r\ LJ V IA

C *** THIS SUBROUTINE IS THE DRIVER ROUTINE USED WITH PttRFIT. 
f***
V-'

C *** PRIMARY FUNCTION IS I/O. 
C***

C
SUBROUTINE P rVRDVR( H , 3 ,SOLN , X , Y, W , ERR , EC , COF ,HPTS,NT r NREP)
COMMON XS(IOO) ,YS (100) , r-?3(100) ,IL3L(40)
DOUBLE PRECISION rl (NT,NT) , 3 (NT ) , SOLN (NT)
DIMENSION X(NPTS) ,Y(NPTS) ,W(NPTS)
DIMENSION ERR(NPTS) ,EC(NPTS) ,COF (NPTS,NT)
IF(NREP.NE.2) GOTO 100
DO 90 I=1,NPT3
X(I)=XS(I)
Y(I)=YS(I) 

90 W(I)=WS(I)
GOTO 200 

100 OUTPUT ' ',' ' ,'NOW YOU ARE ASKED TO ENTER TflG X-VALUE , '
OUTPUT 'Y-VALUE, AND THE WEIGHT OR ERROR ASSOCIATED WITH Y. '
DO 110 I=1,NPTS
OUTPUT ' ',' ENTER VALUES OF X,Y, AND WT FOR. DATA POINT « ',1
INPUT X(I) ,Y(I) ,'"J(I )
X3(I)=X(I)
YS(I)=Y(I) 

110 WS(I)=W(I) 
200 WRITE(6,1) ILBL 
1 FORMAT (/////, 4 OA 2)

OUTPUT ' ', 'VALUES ENTERED FOR X,Y, AND WT ARE:'
DO 210 I=1,NPTS 

210 OUTPUT I,X(I) r Y(I) , '/(I ) 
220 OUTPUT ' ', 'WOULD YOU LIKE TO HAKE ANY CHAJ^ES ?'

READ(5,2) IAJ3 
2 FORMAT(Al)

IF(IANS.NE. 'Y'.ArtD.IANS.NE. 'N') CO TO 220
IF (lA^S.En. 'N ') GOTO 300 

230 OUTPUT ' ','tfflICU DATA POINT NEEDS TO BE CHANGED ?"'
INPUT IW
IF(IW.GE.l.AND.IW.LE.NPTS) GOTO 240
OUTPUT 'BAD NUMBER   TRY AGAIN'
GOTO 230 

240 OUTPUT 'WHAT WEEDS TO BE FIXED - X,Y,I7T, OR ALL ? (X/YA7/A.) '
READ(5,2) IANS
IF (IANS.EQ."'X'.OR.IAN3.EQ. 'A ') GOTO 250
IF(IANS.EQ.'Y') GOTO 260
IF(IANS.EQ.'tf') GOTO 270
OUTPUT 'BAD ANSWER   TRY AGAIN'



GOTO 240
250 v\rRITE(6 r 3) IW 
3 FORMAT('NEW VALUE FOR X(',I3,') ?')

INPUT X(IW)
xs(iv;! ) =x(iu)
IF (IANS.NE. 'A') GOTO 271 

260 WRITE (6,4) III 
4 FORMAT ( 'NEW VALUE FOR Y(',I3,') ?')

INPUT Y(IW)
YS(IW) =Y(I'>J)
IF(IANS.NE. 'A') GOTO 271 

270 WRITE (6,5) IW 
5 FORMAT ( 'MCV7 VALUE FOR WT ( ' , I 3 , ' ) ? ')

IiMPUT W(IW)
WS(IW) =W(IW) 

271 OUTPUT ' ','tfOULD YOU LIKE TO MAKE ANY OTHER CHANGES ?
READ(5,2) IANS
IF (IANS.EQ. 'Y') GOTO 230
IF(IAiMS.EQ. 'N ') GOTO 200
OUTPUT ' ','ANSWER YES OR NO i (Y/N)'
GOTO 271 

C***

CC*** CALCULATE THE COEFFICIENTS OF THE POWER SERIES 
C***

300 DO 310 I=1,NPTS 
COF(1,1) =1. 
XPWR=1. 
DO 310 J=2,NT 
COF (I, J) =XPWR*X(I)

310 XP^R=XPWR*X(I) 
f * **s«-

C*** CALCULATE THE MATRIX H (SQUARE MATRIX OF COEFFICIENTS)
c***

DO 320 1=1,NT
DO 320 J = .l,rtT
H(I,J)=0.
DO 320 K=l r NPTS

320 H(I r J)=H (I ,J)+COF (K,I)*COF (K ,J )/W ( K) * *2 
C***
C*** CALCULATE THE MATRIX B (VECTOR MATRIX OF KNOWMS)
Q* **

DO 330 1=1,NT
B(I)=0.
DO 330 J=l r NPTS

330 B (I) =B(I)+Y(J)*COF (J r I )/W (J) **2 
C***
C*** SOLVE THE EQUATION 
C***

DO 335 1=1,NT 
335 SOLiM (I) =B(I)

CALL MATINV(ii,LsiT r SOLN r NT , 1 r DET) 
X OUTPUT ' DETERMINANT = ' r DET



IF (ACS(DET) .GT.IE-30) GOTO 340
OUTPUT ' ',' ', 'SYSTEM HAS NO SOLUTION'
GOTO 350

340 CilISQ=0.
DO 342 I=1,NPTS
EC(I)=0.
DO 341 J=1,NT

341 EC(I)=EC(I)+COF(I,J)*SOLN(J) 
ERR (I) =Y(I) -EC (I)

342 CHISQ=CHISQ+ERR(I)**2 
WRITE(6,1) ILBL
OUTPUT ' ', 'HERE ARE THE COEFFICIENTS OF THE POTOR SERIES' 
DO 343 1=1,NT

343 WRITE(6,6) I,SOLN(I)
6 FORMAT('COEFFICIENT # ',12,' = ',1PE12.5)

OUTPUT ' ','HERE ARE \7ALUES CALCULATED AND ERRORS:'
DO 344 I=1,NPTS

344 WRITE(6,7) I,Y (I) ,1 ,EC(I) ,I,ERR(I) 
7 FORMATC Y(',I2,') = ' , 1PE 12 . 5 , ' YCALC ( ' , I 2 , ') = ',

&1PE12.5,' ERROR( ',1 2, ') = ",1PE12.5) 
350 OUTPUT ' ','DO YOU ^ANT TO RUN THE PROGRAM AGAIN ? (Y/bi) '

READ(5,2) IANS
IF(IANS.EQ. 'Y') GOTO 400
IF(IAN5.EC. 'N ') GOTO 4 50
OUTPUT 'BAD ANSWER   TRY AGAIN'
GOTO 350 

400 OUTPUT ' ','DO YOU WANT TO MODIFY THE PREVIOUS DATA OR'
OUTPUT 'ENTER NEW DATA ? (P/N)'
READ(5,2) IANS
IF (IANS.EO. ' P ') GOTO 410
IF (IAN3.E9. 'N ') GOTO 420
OUTPUT ' 3AD ANSWER   TRY AGAIN"'
GOTO 400 

410 OUTPUT ' ',' NUMBER OF TERMS IN THE SERIES ?'
INPUT NT
NREP=2
RETURN 

420 NREP=1
RETURN

450 NREP=0 
RETURN

END 
£**************************** T j^-p £ ^ y ****************************
C* **
C *** THIS SUBROUTINE SOLVES THE MATRIX EQUATION A X = 3 WHERE
C***' A' IS A SQUARE MATRIX OF COEFFICIENTS AND 'B' IS K
C*** MATRIX OF CONSTANT VECTORS. 
c ***
C*** A = ON INPUT 'A' IS A SQUARE MATRIX OF COEFFICIENTS 
C*** ON OUTPUT 'A' 13 THE INVERSE OF THE ORIGINAL MATRIX 
C***
C *** B - ON INPUT, 'B' IS THE CONSTANT VECTOR MATRIX



C *** ON OUTPUT, '3' IS THE SQLUTIOixi MATRIX 
C***
C*** N = NUMBER OF ROWS IN 'A' 
C***

C*** NX = THE MAXIMUM NUMBER OF ROWS OR COLUMNS DIMENSIONED FOR
C *** 'A' IN THE CALLING PROGRAM
C***
C *** n = NUMBER OF COLUMNS IN 'B'
C*** IF M=0, THEN ONLY THE INVERSE OF 'A' IS COMPUTED AND NO
C*** CONSTANT VECTORS ARE ASSUMED
C***
C *** DET = DETERMINANT OF 'A'
C***
C****************************************************************

C
SUBROUTINE MATINV(A ,N,B,NX,M,DET)
DOUBLE PRECISION A(1),B(1),PIVOT(20),SWAP,T,AMAX
DIMENSION 1X1(20) ,1X2(20) ,IPIV(20) 

C***
c *** INITIALIZATION
C***

10 D£T=1.
IFLAG=0
DO 20 J=1,N 

20 IPIV(J)=0
X OUTPUT 'N, NX, M ARE:',N,NX,M 
X DO 500 1=1,N 
X DO 500 J=1,N 
X L=I + (J-1) *NX 
X500 WRITE(6,501) I,J,A(L) 
X501 FORMATC ROW ',12,' COLUMN ',12,' CLEMENT = ',E12.5)

DO 210 I=1,M

C*** SEARCH FOR PIVOT ELEMENT 
C***

C*** NOTE THAT COLUMNWISE STORAGE IS ASSUMED
£***

AHAX=0.
DO 70 J=1,N
IF(IPIV(J) -1) 30,70 ,30 

30 DO 60 K=1,N
IF (IPIV(K) -1) 40,60 ,250 

40 LL=J+(K-1) *NX
IF (DABS(AllAX) -DABS (A(LL) ) ) 50,60,60 

50 IROW=J
ICOL=K
AMAX=A(LL) 

60 CONTINUE 
70 CONTINUE

IPIV(ICOL)=IPIV(ICOL)+1 
Q* **

C*** INTERCKAGE KOt-73 TO PUT CLCMCiSIT ON DIAGONAL



£* **

IF(IROW-ICOL) 30,120,80 
80 DET=-DiJT

DO 90 L=1,J
NKOW=IROW+(L-1) *HX
i\!COL=ICOL + (L-l) *r4X
SWAP=A(UROW)
A (JMROW) =A (MCOL) 

90 A (UCOL) =SWAP
IF (I!) 120,120,100 

100 DO 110 L = 1,M
NROW=IROW+(L-1) *^X
.NiCOL=ICOL+(L-l) *NX

B(iNlROlv) =B(I^ 
110 3 (NCOL) =SWAP
120 IX1(I)=IROW 

1X2(1) =ICOL 
LL=ICOL + (ICOL-1) *NX 
PIVOT (I) =A (LL)
IF (ALOG10 (ABS (DET) ) +OLOG10 (DABS (PIVOT (I) ) ) .LC. 30. ) ^OTO 121 
IFLAG=1 
GOTO 122

121 DET=DET*PIVOT(I)
122 CONTINUE 
C***

C*** DIVIDE PIVOT ROW BY PIVOT ELEMENT 
^***
\-»

A (LL) =1.
DO 130 L = l,;4
£JCOL=ICOL + (L-1) *NX 

130 A (islCOL ) =A (MCOL ) /P I VOT ( I )
IF(H) 160,160,140 

140 DO 150 L=1,M
i\iCOL=ICOL + (L-l) *;i 

150 3 ( NCOL ) =B (N COL ) /P I VOT ( I )

C*** REDUCE MOM -PI VOT ROWS 
C* **

160 JCON=(ICOL-1) *MX
DO 210 L1 = 1,IM
IF (Ll-ICOL) 170 ,210 ,170 

170 LL=JCOtM+Ll
T=A (LL)
A(LL)=0.
DO 180 L=1,N
NL1=L1+(L-1) *iSiX
LSlCOL=ICOL+(L-l) *L^X 

180 A(i>lLl)=A(LNlLl) -A(dCOL) *T
IF(rl) 210,210,190 

190 DO 200 L = l,:i
dLl=Ll+(L-l)*iSIX

10



(L-l) *NX 
200 6 (NL1) =B (rtLl) -3 (is)COL)*T
210 CONTINUE 
£***
c***
C*** INTERCHANGE COLUMNS 
£* **

DO 240 I=l r iM
L=N+1-I
IF (IX1(L) -IX2(L)) 220,240,220 

220 JROW=IX1(L)
JCOL=IX2(L)
00 230 K=l,^
MROW=K+(JROW-1) *NX
t>ICOL=K+(JCOL-l) *NX
3WAP=A(NROW)
A (NROW) =A(NCOL) 

230 A (NCOL) =SV7AP 
240 CONTINUE
X OUTPUT ' ', ' INVERSE MATRIX:' 
X DO 510 I=1,N 
X DO 510 J=l,iJ 
X L=I + (J-l)*flX 
X510 WRITE(6,501) I,J,A(L)
250 IF(IFLAG.NE.O) OUTPUT 'DETCRr^IiSIANT EXCEEDS OVERFLOW LIHIT 
260 RETURN

END

11



APPENDIX II

The orogram TCCALC which is listed belcw is a routine that 
uses a polynomial equation representinq a film characteristic curve 
to calculate a transfer function to modify the image making ^recess. 
All of the oroqran and subroutines except PDCL are written in 
standard FORTRAN, and PDBL is a specialized subroutine written in 
assembler to punch a delete code on a paoer tape punch. The output 
procedures provide for outputing the transfer function either to a 
floopy disk or a paper tape punch. These procedures are site 
specific.

£**************** ******** TCCALC ******************************** 
r***

TRANSFER CHARACTERISTIC CALCULATION PROGRAMC ***
£***

c***
f ***
V**

c*** 
c*** 
c*** 
c*** 
c*** 
c*** 
c*** 
c*** 
c***
(2***
c*** 
c*** 
c***
\~r

c*** 
c***
<~* **
v-»

c*** 
c***
r***

THIS PROGRAM IS USED TO CALCULATE TRANSFER CHARACTERISTICS 
GIVEN THE FOLLOWING DATA:

FD1,DN1,FD2,DN2 - WHERE FD1, DN1 ARE THE FILM DENSITY AND DN 
NUMBER FOR THE START OF A LINEAR FUNCTION THAT GOES TO THC 
VALUE FD2 AT DN2. THIS LINEAR FUNCTION IS USED TO CALCULATE 
THE DESIRED FILM DENSITY AS A FUNCTION OF THE DENSITY NUMBER 
IF DN1 IS NOT EQUAL TO 0 AND/OP DN2 IS NOT EQUAL TO 25S, 
THE FILM DENSITIES FOR VALUES BE LOT',1 DN1 WILL BE 
AND/OR THE VALUES ABOVE DN2 WILL BE SET TO FD2.

SET TO FD1

A(I), 1=1,6 - THE COEFFICIENTS A(I) APE THC COEFFICIENTS 
CETER-MIMED BY A SIX TERM POFEP SERIES FIT TO THE GPCY 
FILM DENSITY VERSUS THE INPUT DN. THE POV-EP SERIES FIT 
IS DOisjE USING 'PWRFIT '.

METHOD: THE FUNCTION DEFINED 3Y THE PO*7EP 
CALCULATE THE VALUE OF DN THICf! GIVES 
DENSITY. THIS IS DONE USING A SIMPLE 
PROGRAM CALLED 'BISECT'.

SERIES IS USED TO 
THE DESIRED FILM 
FOOT FINDING

£* ***************************************************************

C
COMMON A,B f ?lAXBI ,TOL,DELTAX, FD(256) ,L3L(40) ,COEF (G)
DIMENSION ROOT(10) ,F(10) ,ERR(10)
OUTPUT ' ',' ENTER A ONE LINE TITLE.'
READ(5,1) LSL 

1 FOPMAT(40A2)
OUTPUT ' ',' ENTEP FD1, DN1, FD2 , AND DN2."'
INPUT FD1,DN1,FD2,DN2 

r;***

C*** CALCULATE THE PARAMETERS OF THE LINEAR EQUATION 
C***

A2=(FD1-PD2)/(DN1-DN2)
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Al=F01-A2*Dril
DN=0
EXPFAC=0. 

r***

C*** EXPFAC CAiNi SE USCD TO CREATE EXPOSURE FACTORS WHERE THE
C*** MAXI'lUil FILM DENSITY IS REDUCED Ai:>iD THE BOTTOM END OF THE
C*** 01,1 SCALE ARE ALL SET TO THE SAf!E VALUE.
C***

C *** FOR THIS PROGRAM AS IS THE EXPFAC IS SET TO ZERO.

DO 100 1=1,256
FD(I) =A1+A2*ON-EXPFAC*A3S (FD2-FD1)
IF (FD(I) .LT.AIIItf 1(FD1, FD2) ) FD(I) =A?!IM1 (FD1 ,FD2) 
IF(FD(I) .GT.AMAX1(FD1,FD2) ) FD(I) =AI!AX1 (FD1 ,FD2) 
IF(DN.LT.Dtfl) FD(I)=FD1 
IF(DN.GT.DisI2) FD(I)=FD2 

100 DN=DN+1 
IIAXBI=1 
A=0 
B = 255
DELTAX=0.5
TOL=AflAXl(FDl,FD2) /100.
OUTPUT ' ',' ENTER PHS 6 COEFFICIENTS OF THE POWER SERIES.' 
ItfPUT COEF
NRUOTS=1 

Q***

C*** CALL 131 SEC 1 TO DY^AHICALLY SET UP THE ARRAYS 
C***

X OUTPUT ' ', 'CALLING BISEC1: A&B AisID DELTAX = ',A,B,DELTAX 
CALL 3 1 S EC 1 ( ROOT , F , E RR , ? } ROOTS ) 
STOP
END

~T *************************** Q T C P ^ 1 *****************************
*>->» -.-J JL t-J i-J ^r J.

f * **
V^>

C*** 3I3EC1 IS USED TJ DYNAMICALLY SCT UP ARRAYS 
C*** ArJD TO PRIiNlT RESULTS

(^****************************************************************

SU3ROUTI NL BI SEC 1 ( ROOT , F , E RR , <si ROOTS )
CO? 1110 N AA,33,:nX3I ,TOL, DELTAX, FD(256) ,LBL(40) ,COEF ( 6) 
DltlEflSIOrJ ROOT (N ROOTS) ,F(i\[ROOTS) , ERR (£l ROOTS) ,100^(256) ,IixlD^(256 

C***

C *** ALL PARAMETERS HAVE SEEi^ ESTABLISHED. CALL BISECT.

DO 100 J=l,256
JFLAG=0 

90 C=FD(J)
A=AA
IF (J .GT.l .AND. ROOT (1) .LT.9. 9E29) A=AIr3T (ROOT (1) ) -2
IF(A.LT.O.) A=0.
B=BB 

X OUTPUT ' ','BISEC1 CALLING 3ISECT: AA&B3 ARE",AA,33
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X OUTPUT ' A&B ARE: ',A,3
CALL BISECT (A ,B, ilAXSI f TOL , DCLTAX ,ROOT , F,ERR, .JPOOTS ,C ,COEF)
It'(HOOT (1) .LT.9.9E29) GOTO 95
JFLAG=JFLAG+1
IF (J FLAG.CQ.1) GOTO 90
OUTPUT ' ','UO SOOT FOR J = ',J,' ArJD FD(J) = ',FD(J)
OUTPUT 'ROOT(l) = ',ROOT(1),' F(l) = ' f F(l) 

K OUTPUT ' COiJF = ',COEF,' C = ',C, ' A&LJ = '',A,B
GOTO 100 

C***

C*** IF COMPILED WIT 3 XOJ, PRINT OUT TilC ROOT, FUNCTION VALUE, 
C*** ANC ERROR. 
C* **

C*** NOTE THAT 9.99999C29 IS STORED AS THE PGOT IF -JOHG 13 FOUt>JD. 
C***

95 CONTINUE
X OUTPUT ' ',' ROOT FUJCTIO.N. VALUE ACCURACY'
X DO 99 1=1,MROOT3
X WRITE(5,93) ROOT(I) , F (I) , ERR(I)
X98 FORMAT(3X,F7.2,4X,F7.2,10X , F7.2)
X99 CONTIiviUJC

lODiM (J ) =A I NT (ROOT ( 1) ) 
100 IttDtt(J)=J-l

^.RlTE(6 f l) LBL
1 FORfIAT(///// f lX f 40A2)

OUTPUT ' ', 'OUTPUT Dd SEQUENCE:'
11 = 1
12 = 15
DO 110 I=l f 256 f 15
13=11-1
WRITE (6,2) 13, (IODd(J ) ,J=I1,I2)

2 FORnAT(2X,I3,3X,15(1X,I3))
11=11+15
12=12+15 

110 IF(I2.GT.256) 12=256
WRITE(6, 3)

3 FOjRIiAT (/////////)
OUTPUT ' ','TC TO DISK/PAPER TAPE ? (D/T)' 
READ(5,4) IOT

4 FORMAT(Al)
IF(IDT.EQ.''D') GOTO 200
OUTPUT ' ','READY PUNCH, TYPE <RETURM>'
INPUT lAisIS
GOTO 201

200 OUTPUT ' ', 'ASSIGN UNIT 7 TO DIRECT TC FILE'
OUTPUT ' ', 'ASSIGN UNIT 3 TO INVERSE TC FILE, THEiM CONTINUE 
PAUSE

201 COAiTlAlUE
IF(IDT.EQ.'T'') CALL PUislCH (IOON)
IF(IUT.EQ. 'D') CALL D^JRITE (lOOiN ,7)
11=256
DO 210 1=1,256
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INDN (II) =IODM(I ) 
210 11=11-1

IF (IDT.EQ. 'I') CALL PUNCH(I[\iD[Nl)
I F ( I OT . EQ . 'D ' ) CALL Dtf RI T C ( I N 0:4 , 3 )
RETURN
END

£************************** BISECT ******************************
2* **

C*** ROOTFINDER - BISECTION METHOD
C***
d ****************************************************************

o
5U3ROUTI NE BIS ECT ( A , 3 , 1A X3I ,TOL , D CLTAX , ROOT , F f ERR , NROOT.l , CF , COEF )
DIMENSION ROOT(l) ,F(1) ,ERR(1) f COEF (1)
REAL LEFT
IwIEGER C 

50 I3AD=1 
X OUTPUT ' ', 'ENTRY INTO BISECT: A&B&UELTAX AR3 ' f \ , B , DELI'AX

IF (A.GE.B.OR.:iAX3I .LE. 0 .OR.TOL .LE . 0) IBAO=0
IF (DELTAX.LE.O.OR.L-iROOTS.LE.O) I3AD=0
IF (IBAU.iSlE.O) GOTO 100 

2* **

C*** USER ?'AY CORRECT QAu DATA A LJD COJTI..4UE

OUTPUT ' ','BAO uATA Id SUBROUTINE BISECT'
OUTPUT ' A = ',A, ' 3 = ',5, ' ;1AXBI = '/!AX3I
OUTPUT ' TOL = ',POL f ' CELTAX = ',DELTAX,' rJ ROOTS = ' f ^lROOT3
OUTPUT ' ','EtfTER l\ uEv'« SET OF VALUES'
IdPUT A,3,MAXi3l , TOL , DELTAX f ,-4 ROOTS
GOTO 50 

C***

C*** BEGIN SUBPROGRAM 
r1 * **
\^r

C *** INITIALIZE LOCAL VARIABLES AND SET ALL ROOTS TO 9.99Q99E29
H* **

100 N=0
N 0 ROOT =N ROOTS
DO 200 I=l,iN!ROOTS
ROOT (I) =9. 9999 9E 2 9
F (I )=ROOT(I) 

200 ERR(I)=F(I) 
C***

C*** FUNCflONAL VALUE OF LEFT BOUND 
(" ***
«w»

210 X=A 
^* **s^«

C *** If DESIRED NUI13ER OF ROOTS KAVE BEEN FOUND, RETURN 
p* **\-«

I F ( N . GE . NOROOT ) RETURN 
.-***

C*** SEARCtl FOR NEW ROOT 
r« * * *
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Y=F:^F (X,CF) 
250 F F =Y

ADVANCE TO iNJEXT SEARCH INTERVALC*** 
***

A=A4-DELTAX 
p***
^x

C*** if GREATER THAN UPPER SOlMD , RETURN 
C***

IF(A.GT.B) RETURN
X=A
Y=FlsiF (X,CF)
PROu=FF*Y

C *** IF PRODUCT 13 POSITIVE, SEARCH NEXT INTERVAL 
C*** IF PRODUCT IS NEGATIVE, LOOK FOR ROOT.
c***

IF (PROD.GT.O) GOTO 250 
IF(PROD.LT.O) GOTO 300 
IF(FF.i>iE.O. ) GOTO 260

EXACT ROOT HAS iBEEN FOLWD 
(2***

X=A-DCL1'AX 
Y=FF 

260

A=A4-UELTAX: 
SIZE=1.E-12 
ERR (^ ) =oIZE

C*** SEARCH dEXT INTERVAL FOR RC."!AIt>iI^C ROOTS 
C***

GOTO 210

C*** RuOT HAS 3EE,4 3RACKETEO. CJIIPUTE flDPOIrJi \XD ITS
C*** FULslCi'I JNAL vALuC. 
C***

300 LEFT=A-DEETAX
RIGilT=A 

C***

C*** 'c' IS jSIUI-kJUR OF ITERATIOi^S. 
(j***

c=o
310 X= ( LEFT4-RIGHT) /2 .

Y = F,>IF (X,CF)
C=C + 1 

X OUTPUT ' ' , 'AT 300: X,Y,CF,C ARE ' , X , Y ,CF , C

C*** CHECK FOR ilAXIilUn r>iUII3ER OF Ii^TERATION S 
C*** A.xiE PRUT MESSAGE IF EXCEEDED
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;^* **
*w

IF (C.CT.HAXBI) GuTO 340
c***
C*** CHECK WHETHER ERROR TOLERANCE IS SATISFIED. 
'" ***
\~r

L F (Au 3 (Y) . L T. T OE ) GO TO 3 3 0
£***

C*** IP PRUDUCT Jo POSITIVE EOOK ON RIGHT INTERVAL 
C***

PROD=FF*Y
IF (PROD.LE.O. ) Gui'O 320
LLFT=X
GOTO 310 

C***

C*** CHECK IF ROOT riAS 3EEN FOUtviO 
" ***

^^

320 IF (PROD.EQ.O.) GOTO 330 
C * * *

C*** SEARCH Oi>i EEFT INTEKVAE 
C***

RIGiiT=X
GOTO 310 

£***
C*** ROOT HAS BEEisl FOU^JD 
f* **
\^r

330 ROOT(d)=X 
F (i\i) =Y
SIZE=RIGrfT-LEFT 
ERR(N)=SIZE
GOTO 210 

C***

C*** HAX if OF ITERATIONS EXCEEDED, PRI^T WARNING flESSAGE.
C*** PRINT APPROXIMATE ROOT AND ACCURACY
C***

340 OUTPUT ' ',',1AX # BISECTIONS REACHED ON ROOT #',N
OUTPUT' X BETWEEN ',LEFT,' AND ',RIGHT
JUTPUT ' F(X) = ',Y
S1ZE=RIGHT-EEFT
OUTPUT ' ACCURACY TO ',SIZE
OUTPUT 'AVERAGE VALUE STORED A3 APPROXIMATION'
ROOT(N) =(LGFT+RIG'lT)/2.
F(N)=Y
ERR(tM)=SIZE 

C***

C*** SEARCfi NEXT IiMTERvAL FOR rtErlAINING ROOTS 
C***

GOTO 210
EN J

£ ********************* pAJif' **************************************

J* **

C*** FUNCTION SU3PROGRA.1 TO CALCULATE DESIRCu FILM DEiJSITIES 
^ * * *
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C*** USAGE: X=FNF(X,C) , vIHCRS X 13 THE DN VALUE AT -JiIICH 
C*** TiiE FUNCTION IS TO BE EVALUATED AND 'C ' 13 THE
C*** REFERENCE VALUE. 
-***
\ta^

^****************************************************************
f 
 ^

FUNCTION FNF(X,C)
COMMON A, 3, 11AX3I ,T JL ,DX , FD ( 25G ) ,LBL(40) f CJCF (6) 

C***

C*** CJCF ARC TtiE COEFFICIENTS OF THC ECU AT UN
* **

DO 100 1=1,6 
FijF=F,-jF+COEF (I) 

100 XPWR=XPrfR*<< 
RETuKJ
E.gu 

r************************ p ^^ |^ **********************************
r1 * * *
X~"

-*** 'i-aiS SUtJRuuTINE PACK'5 I^iCGC^ vCjRES ivITiI VALOCS I i.J TxIC
C*** RAdGiJ 0-255 Ii.4TU 31^-JLE JORuJ. 
C***

C *** USAGE: CALL PAd< ( IJ JF ,LM) - //HERE I3UF IG T11C IwPUT AND OJTPJT 
ARRAY A^u '^ ' IS TtlE isiUHBLlR OF .-Jjn3ERS TO 3E PACKED

."'****************************************************************\w*
r'H 

^

SUBROUTINE PACK(Ic3UF,N)
INTEGER I3uF(l) ,PADR,UPADR 

C
ASSLI1BLGR 

C SET WORD ADDK
LDA IBJF
STA UPAUR 

C SET BYTE ADDR
LLA 1
STA PADR 

\*
FORTRAN
uO 1 I=l,w
ASSEI1BLER 

C LOAD VvORD
LDX UPADR
LDA @0 

C I NCR WORD ADDR
DATA :128
STX UPAOR 

C STORE BYTE
LDX PADR
3BM
STA @0
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C I NCR BYTE COUNTER 
DATA :128 
3TX FADE 
FORTRAN

/ * 
V^

i CONTINUE
RETURN 
EJ.MD

Q********************** Dv'/R ITE **********************************

C* * *

C*** DISK WRITING SUBROUTINE TO WRITE TRANSFER CHARACTERISTICS
C *** OUT r0 DISK
C***
c ****************************************************************\*>

C
SUBROUTINE DWRITE ( IBUF, £M)
INTEGER IBUF (256)
CALL PACK(IBUF,256)
WRITE (iM) IBUF
RETURN
END 

(j*********************** pijt^CH ***********************************
£***

C*** THUS PROGRAM IS A SUBROUTINE FOR PUNCHING PAPER TAPES
£***

C*** USAGE: CALL PUNCi4(IBUF) - WHERE IBUF IS AN INTEGER ARRAY OF 
C*** 256 NUMBERS IN THE RAuGE 0-255.

'- ******************************************************************
"*« 

n

SUBROUTINE PUNCci(BUt') 
INTEGER LJJF(256) , DELETE , tsiULLS ( 5 0) 
DATA NULLS/50*: OOOO/ ,DELETC/: FFFF/ 
PUNCti BUFFER i'O TAPE

WRITE(4,96) NULLS 
96 FORi5AT(50A2 ,Ai)

CALL PtJCL 
C

IF (BUF(l) .LI'.l) N = 0
It (BUF (1) .GT.O) LM = ALOG10 (FLOAT (3UF (1) ) +.1)
Jl = 1
DO 2 1=2,256
IF (BUi (I) .LT.l) .1 = 0
IF (BUF (I) .GT.O) II = ALOG1Q (FLOAT (BJP (i) ) +.1)
IF (. 1. £ ^ .1.0 GJT J 2
J2 = 1-1
CALL vjRiit"i(Ji, j 2,-^ ,B Ji1 ') 
IN = i', 
Jl = i

O '*"'* * i r " T 
£. \^^J .M x ll^J U LJ



CALL v;iUTK(Jl,255,^,6UF) 

laUTE (4,95)

************************** **************************

C*** SUBRuuTItML CALLEu iiY PU^CH TO uJ THE ACTUAL PU.MCWIwG 
C***
I 1 ***********************x******************************************%** 

C
SUBROUTINE WRITR(J1,J2 ,J,BUF)
INTEGER Buf (256) 

C
ir (Jl.HU.l) GOTO 3
IF (rJ.EQ.O) .JRITL (4,90) (3 UF ( J ) , J=J1 , J2)
IF(rJ.CQ.l) rt'RlTE (4,91) (B UF (J ) , J =J1 , J2)
IF(J.i]Q.2) -A'RITE(4,92) (3UF (J ) , J =J1 , J2)
Go TO 4

3 if (isi.L'i.O) rJRiTE (4,93) (3UF(J) ,J=J1,J2) 
IF (iJ.Ll^.l) V^R1TL(4,94) (bUF(J ) ,J=J1, J2) 
lF(ivl.L,j.2) rtiUi'E (4,95) (BUB (J ) ,J=J1, J2)

4 RLTURiNJ
C FuRMATS
C
93 FuRIIAT(36J2)
90 FoKiL/vi' (11, (3612) )
91 FuR11AT(I2, (2413) ) 
94 FuRUAT (2413) 
92 FURLAT(13, (1314)) 
95 F^Ri'iAT (1314)

C* ********************** POEL ********************************* 
j***

C*** PEEL IS A SUBROUTINE UrilCH SENDS A DELETE CHARACTER TO 
C *** THE PAPER TAPE Pui>iCti 
Q* **
Q**************************************************************

TITL POLL
isiAT 1 PDEL 

PPDEVA EQU :FC 
PPIbJT EQU :130 
PDEL EiviT

LDA DELADR
LLA 1
SAI 1
3TA PPIMT+2
LAIi 1
STA PPIMT+1
LGA EOBADR
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3TA PPIwT+5
UliM

LDA =:210
OTA PPDEtfA+1
CIM
rfAIT

EG3ADR DATA $ + 1 
E06 EJT
RTixi PboL 
DELADR DATA $+1 
DEL DATA :FFOO
LPuOL
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